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PROSPECTS FOR REDUCED ENERGY TRANSPORTS - A PRELIMINARY ANALYSIS 


M. D. Ardema, M. Harper, C. L. Smith, M. H. Waters, L. J. Williams 

Ames Research Center 
Systems Studies Division 

SUMMARY 

The recent "energy crisis" and subsequent substantial increase in fuel 
prices have provided increased incentive to reduce the fuel consumption of civil 
transport aircraft. At the present ti many changes in operational procedures 
have been introduced to decrease fuel consumption of the existing fleet. In 
the future, however, it may become desirable or even necessary to introduce new 
fuel -conservative aircraft designs. This paper reports the results of 
a preliminary study of new near-term fuel conservative aircraft. 

A parametric study was made to determine the effects of cruise Mach 
number and fuel cost on the "optimum" configuration characteristics and on 
economic performance. For each design, the wing geometry was optimized to 
give maximum return on investment at a particular fuel cost. Based on the 
results of the parametric study, a nominal reduced energy configuration was 
selected. Compared with existing transport designs, the reduced energy design 
has a higher aspect ratio wing with lower sweep, and cruises at a lower Mach 
number. It has about 30% less fuel consumption on a seat-mile basis. At 
current fuel prices (about $52. 84/m 3 (20<t/gal ) ) , the reduced energy configuration 
has about the same economic performance as existing designs but at higher fuel 
prices, the economic performance is superior. 
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INTRODUCTION 


The "energy crisis" of 1973-74 highlighted a serious problem that has 
been developing for many years. The use of petroleum based fuels has been 
increasing at an alarming rate in the face of dwindling world supplies. The 
energy crisis imposed severe restrictions on the use of this fuel. Because 
of its heavy dependence on petroleum based fuels, transportation, and par- 
ticularly aircraft transportation, was affected most severely by these 
restri ctions. 

Although the severe restrictions on the use of fuel for aircraft trans- 
portation were lifted to a great degree following the end of the crisis, it 
is clear that the limited availability of petroleum based fuel will be a 
very significant factor in the future course of air transportation. Even 
if fuel is not restricted or allocated, continually higher prices will un- 
doubtedly prevail. This situation may well have a profound effect on the 
design and operation of future air transports. 

There are several ways in which the fuel consumption of th ivil air 
transportation system can be reduced and most of these are under study at 
the present time. These range from changes in the cruise altitude and Mach 
number of current aircraft, to the development of new "far term" aircraft 
designs employing advanced technology and designed for minimum fuel consump- 
tion. The study reported herein considered only one of these approaches to 
decreasing fuel consumption — the design of a new "near term" aircraft, 
that is a design employing existing technology. 
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The primary tool used to generate the data for this study is computer pro- 
gram — TRANs port SYNthesis. This program is basically a computerized, Integrated 
form of the aircraft preliminary design process. The program consists of a 
control module and discipline area modules to perform the required geometry, 
aerodynamics, propulsion, structures, weight, volume, and economics computa- 
tions. In the present study, a parameter optimization module was used to 
"optimally shape" the wing planforms of the vehicles. Currently, the flutter 
and aeroelastlc computations are not an integral part of the TRANSYN program; 

these computations are performed exterior to the program for selected vehicles. 

/i 2 ) 

TRANSYN has been used extensively in the past for similar studies. v ’ ' 
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STU DY GROUND RULES AND CONSTRAINTS 

The study ground rules are presented in Figure 1. The aircraft selected 
for study has a passenger capacity of 200 and a range of 5000 km (2700 n.mi.). 

Such an aircraft would be a replacement for the older, first-generation jet 
transports. This size aircraft results in favorable economics and fuel economy 
in the medium density continental market. In high density markets, it allows 
increased scheduling flexibility that can be used to increase frequencies 
and/or load factors compared with larger aircraft. The study assumption of 
fixed utilization means that faster aircraft will have higher productivity 
(i.e., greater seat miles per day). The nominal fuel cost, $85. 87/m 3 (32.504/gal) 
in 1974 dollars, is representative of the probable prices in the 1980's when 
this aircraft would be operating and is based on the costs of obtaining fuel 
from the gasification of coal or shale oil. 

The technology ground rules reflect the assumed use of existing tech- 
nology. While everything from lighter-than-alr systems to the use of liquid 
hydrogen fuel has been suggested for relieving the aircraft fuel consumption 
problem, it seems more likely that the next generation of transport aircraft 
will be conventional configurations. The JT-10D engine cycle and weights were 
adopted as representative of an advanced but current engine design. For the 
purpose of this study, the engine thrust and weight were scaled as required 
to match the mission requirements. In an actual design the aircraft capacity 
and number of engines would be matched to the specific engine. The latest 
supercritical wing data were used for the aerodynamic analyses. These data 
Indicated that Mach numbers up to 0.8 measured perpendicular to the wing semi- 
chord are possible without drag rise. Conventional state-of-the-art aluminum 
structure was assumed. To examine the effect of applying an advanced technology, 
a design employing a graphite/epoxy wing was also assessed. 
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One of the most Important parameters Influencing transport economics and 
fuel consumption Is cruise Mach number. Therefore, one of the principle aims of 
the current study was to examine aircraft designed for a range of cruise 
Mach numbers from 0.70 to 0.90. The constraints imposed when sizing these air- 
craft are shown on Figure 2. Restricting the Mach number perpendicular to the 
semi-chord at 0.80 or less fixes the sweep for cruise speeds greater than 
0.80 Mach number; aircraft with cruise speeds less than 0.80 Mach number would 
have straight wings. The wing thickness-to-chord ratio was constrained 
at the maximum value consistent with good aerodynamic characteristics. For 
the lower speed, straight wing aircraft, it was necessary to impose a lower 
limit on cruise altitude of 9144 m (30,000 ft) and an upper limit on section 
lift coefficient of 0.60. The altitude limit is necessary to avoid delays due 
to weather and the lift coefficient limit avoids drag rise and assures adequate 
margins for maneuvering. The higher speed, swept wing aircraft are subject 
to a fuel volume constraint due to the study assumption that all fuel is required 
to be carried in the wing. 

To properly reflect the importance of fuel cost on aircraft design, 
maximization of the rate of return on investment (R0I) was selected as the 
design goal. This implicitly assumes that fuel will be available although 
possibly at a high price. Since the engine cycle is fixed, the optimization 
involves only the wing aspect ratio (AR) and the wing loading (W/S ) . 

Therefore, the aircraft of this study have been sized by maximizing the R0I 
with respect to AR and W/S subject to the constraints previously described. 

This maximization was done at different specified cruise speeds and fuel 
prices. 
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RESULTS 

Effect of Cruise Mach Number 

Higher fuel costs may well alter the selection of cruise Mach number (M). 

To determine the effects of M on performance and economics and to aid In select- 
ing the best value, six aircraft with values of M from 0.70 to 0.90 were sized 
for a fuel cost of $85. 87/m 3 (32 . 50^/gal ) according to the criteria discussed 
earlier. The resulting values of AR and W/S are shown on Figure 3. As M 
decreases, the AR increases because the difference between the structural 
and aerodynamic aspect ratios decreases (the optimum structural aspect ratio 
remains very nearly constant for all values of M). In other words, at lower 
speeds a higher aerodynamic aspect ratio is possible for the same wing 
weight. The optimum AR of the swept wing design? is higher than for current 
swept wing designs primarily because of the higher fuel costs. The optimum 
aspect ratio of the straight wing designs is about 14. 

The optimum wing loading remains nearly constant at a value of 6224 N/m 2 
(130 lb/ft 2 ), primarily due to the constraints. The range of Influence of each 
of the constraints is also indicated on Figure 3. The wing loading would tend 
to be higher (smaller wing) if the constraints were relaxed. However, the 
sensitivity of aircraft performance to wing loading Is very small about the 
optimum value and the relaxation of the constraints would have very little effect. 

A preliminary flutter analysis indicates that all configurations represented 
on Figure 3 are flutter-free although several are probably marginal. There 
may well be problems other than flutter associated with the high aspect ratio 
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straight wing designs. Particular areas of concern are flexibility, gust 
load response, and ride quality. These will be discussed later. 

The optimum configuration with the graphite/epoxy wing, designed for 
M ■ 0.80, has an AR of 16.5 and a W/S of 5985 N/m 2 (125 lb/ft 2 ). Thus, 
advantage has been taken of the lighter weight material to further Increase 
the aerodynamic efficiency. 

The effect of M on the aircraft gross take-off weight (Wq-j-q) and mission 
fuel weight ( w puE|_) ^ or the design ran 9® °f 5000 km (2700 n.mi.) at full pay- 
load is shown in Figure 4. As M decreases from 0.90, Wg-j-g and Wp^ decrease 
due to decreasing w’ng sweep and thickness. Wg^g decreases faster than 
because the structural weight is also decreasing due to resizing. The weights 
of tl:e straight wing aircraft designs increase slightly as M is decreased. 

This is partly due to use of an engine cycle designed for 0.85 M; if the engine 
were optimized for each value of M, Wgjg and Wpg^ would be very nearly constant 
for all the straight wing designs. The optimum 0.80 M configuration consumes 
about 25% less fuel than does the optimum 0.90 M configuration. It should be 
noted that all the designs on Figure 4 have very low values of Wgyg compared 
with existing or recent study designs for the same mission. For example, the 
0.80 M design of Reference 2 Is about 111,200 N (25,000 lb) heavier in gross 
take-off weight than the 0.80 M design of the current study. This difference 
is primarily due to the use of more recent super-critical wing aerodynamic 
data. The llft-to-drag ratio of the 0.80 M straight wing configuration in 
this study is 22. Figure 4 shows *hat the graphite/epoxy wing design has 5% 
less Wqjq and uses 10% less fuel than the corresponding all-aluminum design. 


pa 
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Of course, the cruise Mach number selection cannot be based on weights 
alone; the Increased productivity of the faster designs must also be accounted 
for. Because It Includes productivity, ROI Is used as a basis of comparison 
In Figure 5 where ROI Is shown as a function of M for three values of fuel 
cost. The lowest cost of $42. 93/m 3 (16.254/gal) Is slightly higher than pre- 
energy crises fuel costs, the middle cost of $85.87/m 3 (32.54/gal) Is the 
nominal value discussed previously, and the high cost of $171. 73/m 3 (654/gal) 
is representative of values which may occur in extreme cases. To put these 
fuel costs In perspective, the average fuel cost for domestic aircraft oper- 
ations was $58. 12/m 3 (224/gal) as of May 1974. To obtain the curves shown In 
Figure 5 the configurations were optimized at each value of M for the nominal 
fuel cost, and the ROI was computed for these configurations at the three fuel 
costs. 

At the lowest fuel cost, the swept wing configurations (0.80 M to 0.90 M) 
all have about the same ROI which Is superior to that of the straight wings. 

At "pre-energy crisis" values of $26.42 - 31.70/m 3 (10 - 124/gal), the 0.90 M 
design would have the best ROI. This is not surprising In view of the fact 
that the most recent of the current generation of jet transports, designed 
for pre-energy crisis fuel costs, have cruise Mach numbers approaching 0.90. 

As fuel cost Increases, the ROI of the swept wing designs decreases more 
rapidly than does that of the straight wing designs because of their relatively 
high fuel fractions. The slower straight wing designs below 0.8 M suffer from 
lower productivity and under the ground rules of this study there seems to 
be no reason to consider values of M below 0.80. The 0.80 M configuration 
clearly becomes superior at higher fuel costs. The figure also shows that 
the graphite/ epoxy wlrig gives an Incremental Improvement In ROI of about 1/2%. 
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Figure 6 Is a cross-plot of the data from Figure 5 showing ROI as a 
function of fuel cost for the 0.80 H and 0.90 M aluminum configurations and 
the 0.80 M with graphite/epoxy wing configuration. The cross-over point at 
which the straight wing 0.80 M design becomes superior to the 0.90 M design 
occurs at a fuel cost of about $42. 27/m 3 (16tf/ga1). The sensitivity (slope) 
of the 0.90 M design Is greater due to Its higher fuel consumption. Figure 7 
presents direct operating cost (DOC) data for the 0.80 M and 0.90 M aluminum 
designs. At pre-energy crisis fuel costs, fuel cost accounted for about 10% 
of the DOC whereas at anticipated future costs It may account for as much 
as 25% of the DOC. This illustrates again that fuel conservative aircraft 
will have superior economics at higher fuel costs. 

E ffect of Fuel Cost 

A parametric study was undertaken to Investigate the effects of fuel cost 
on the configuration geometry and the performance. As before, the wing geo- 
metry of each configuration was sleeted to give the maximum ROI. A cruise 
Mach number of 0.80 was selected as the best value for fuel economy based on 
the results of the previous section. Figure 8 shows how tho optimum wing 
geometry changes as the fuel cost Is varied. The aspect ratio and wing area 
tend to Increase as fuel cost Increases. This Is so because at the higher fuel 
costs relatively more emphasis Is placed on aerodynamic efficiency than on 
structural weight. It should be remembered that for this study the wing Is 
strength-designed and that flutter and other aeroelastlc phenomena have not 
been checked for the wings which have AR greater than 14. In view of the 
marginal flutter characteristics of the 14 AR design, the wings with greater 
AR are certain to have some weigh; penalty due to aeroelastlc effects. This 


10 


would tend to lower the values of optimum aspect ratios for those wings above 
14 AR. Since the sensltl.’lty to changes In aspect ratio above Is small, 
this would have only a small effect on performance. The opt urn wing esea 
Increases with higher AR because of the constraint Imposed of carrying all 
the fuel In the wing. 

The effect of fuel cost on W^q Is shown on Figure 9. Wqjq remains 
nearly constant as fuel cost Is increased, Indicating a nearly even trade-off 
between Increasing structural weight and Increasing llft-to-drag ratio. 
decreases with Increasing fuel cost, as expected. Since is remaining con- 
stant, empty weight (and therefore also aquisltlon cost) Increases as fuel 
cost increases. 

The sensitivities of DOC and ROI to fuel cost is shown on Figure 10. 

Two cases have been computed: First, the solid line shows the sensitivities 

If the wing geometiy Is optimized at each value of fuel cost. Second, the 
dashed line shows the sensitivities If the wing design Is held fixed at the 
design optimized at the nominal fuel cost of $85. 87/m 3 (32.504/gal). The figure 
shows that use of configurations optimized at each fuel cost does not give signif- 
icantly better economic performance than that of the design optimized for 
the nominal fuel cost. It may be concluded that a 0.80 M, straight wing, 

14 AR design would give relatively good economic performance at any fee 1 cost. 
However, the fuel consumptions of the designs represented by the solid and 
dashed lines are significantly different. 

To place t'.’e effect of fuel cost In perspective with the effects of other 
Important econom! ■ parameters. Figure 11 compares the effects of fuel cost and 
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load factor on ROI. As shown on this figure, an Increase In load factor from 
50 to 60% can nullify anticipated Increases In fuel cost. Thus, even though 
sharply Increased fuel costs will have a significant Impact on the economics 
of transport aircraft, there are other powerful economic factors which may 
be used to counteract this Impact. 

Low Fuel Consumption Configuration 

Based on the discussions of the previous two sections, the most pro- 
mising low fuel consumption configuration Identified In this study has a cruise 
Mach number of 0.80 and an aspect ratio 14 straight wing. A three-view of this 
configuration Is shown on Figure 12. Such a design would have significantly 
better fuel economy than existing transport designs and may also have better 
economics at higher future fuel costs. 

Figure 13 compares the fuel consumption of the low fuel .jmptlon con- 
figuration to that of existing transports. The fuel consumptions are computed 
In terms of seat-kilometer/meter 3 (seat-n.ml ./gal ) for design ranges and would be 
higher for shorter stage lengths. The historical base Is Indicative of existing 
transport designs operating In a "pre-energy crisis" environment. If these trans- 
ports are operated In a manner to minimize fuel consumption, estimates Indicate 
that a 14% Improvement in fuel consumption may be possible. A portion of this 
14% Is actually being achieved at the present time. If super-critical airfoils 
are substituted for current wing designs, an additional 14% Improvement In 
fuel consumption would be obtained. Finally, the replacement of existing de- 
signs with the 0.80 M, 14 AR, straight wing design would save another 44%. 

The cumulative result Is a 72% Improvement In fuel economy relative to the his- 
torical base. Thus, new transport designs offer the possibility of substantial 
Improvements In fuel economy. 



In addition to Improved fjel econony, the low fuel consumption design 
has some other attractive features. Aircraft noise reduction Is Inherent In 
the new design and the goal of FAR 36-10 Is easily met by the basic engine 
with minimum wall treatment only. Also, due to the high aspect ratio, "leld 
length was not a constrr *?t. In fact, because of the superior high lift charac- 
teristics of the straight wing, It may be possible to eliminate some of the com- 
plex high-lift devices found on current transport designs. Finally, a straight 
wing should also be slightly cheaper to build and maintain than a swept one. 

On the other hand, a high aspect ratio straight wing design may Intro- 
duce some new problems and constraints. Many of these may turn out to be 
relatively unimportant, but all should be Investigated. For example, as 
mentioned earlier, this design is limited by cruise altitude and lift coefficient 
constraints The low fuel consumption design also has lower cruise and ap- 
proach speeds than existing designs which may cause some problems In enroute 
and terminal area air traffic control. Straight wings with high aspect ratios 
result In large wing spans. This could lead to gate spacing Incompatablllty 
with existing swept wing aircraft. A plar.form comparison of a swept and a 
straight wing configuration Is shown on Figure 14. Passenger appeal Is 
another area that may be affected by the slightly higher blcck times or by 
the identification of straight wings with old-fashioned aircraft designs. 

An undesirable feature of a configuration with four engines mounted on a 
straight wing Is that the rotating machinery Is all In approximately the same 
''ateral plane. Thus, a catastrophic failure cf one engine could also cause 
the catastrophic failure of Its neighbor. 


13 


Perhaps the most serious questions concerning the low fuel design are 
those concerned with the flexibility and loading characteristics of high aspect 
ratio straight wings. It has already teen mentioned that a preliminary 
flutter analysis shows the configuration to be marginally flutter free. 

However, the wing may still be too flexible to he acceptable due to other 
aeroelastic constraints. Further, t^e high lift curve slope of the straight 
wing makes the configuration susceptable to gust loads and could result in a 
high fatigue environment. (Such an airplane may be a good candidate for load 
alleviation by active controls.) Because of these factors, a practical design 
might have a slightly lower aspect rat^o of about 12 and a nominal amount of 
semi -chord sweep of about 15°. Such a design would have slightly greater 
fuel consumption and about the same economic performance when compared with the 
low fuel consumption design discussed above. In addition to having a wing 
less prone to flexibility effects and gust loading, such a configuration 
would also benefit from allowing a staggered engine placement to avoid engine 
failure coupling. 


CONCLUDING REMARKS 


(<+ 


New transport aircraft designs appropriate for an environment of high 
fuel costs have been investigated. The designs are "near term" in that they 
employ existing technology. The following results were found: 

1. The most promising reduced energy configuration has a high aspect 
ratio (12-14), nearly straight (0° - 15° sweep) supercritical wing and a 
cruise Mach number of about 0.80. Such a configuration would have good 
economic performance across a wide range of fuel prices. 

2. Supercritical technology alone has the potential of giving about 
a 12 - 14% improvement in fuel economy. 

3. The reduced energy configuration results in approximately a 28% 
improvement in fuel econon\y compared with a swept wing design of the same 
technology level operated in the same manner. When compared with current 
transports operated in a "pre-enerjy crisis" manner, the improvement is 72%. 

4. For pre-energy crisis fuel costs, there would be a small economic 
penalty associated with the reduced energy configuration. At higher future 
fuel costs, there may be a small advantage in operational economics. However, 
the economic advantage is too small at the present time to induce the commercial 
transport operators to replace their existing equipment. 
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Figure 1. Study Ground Rules 
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Figure 2. Sizing 
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Figure 5. Effect of Cruise Mach Number on Return on Investment 


ON FIGURATIONS OPTIMIZED 

OR 85.87 S/meter 3 (32.504/gallon) FUEL COST 
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Figure 6. Effect of Fuel Cost on Return on Investment 




Figure 7. Effect of Fuel Cost on Direct Operating Costs 
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Figure 8. Effect of Fuel Cost on Wing Geometry, M = 0.80 
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Figure 9. Effect of Fuel Cost on Weights, M = 0.80 




Figure 10. Effect of Fuel Cost on Economics, M * 0.80 





Figure 12. Low Fuel Consumption Transport Configuration 
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Figure 14 . Planform Comparison 


